The results of the measurements of spectral and angular distribution of the U5.0 (5 cm period) and U8.0 (8 cm period) Advanced Light Source (ALS) undulators are described. The spectra of on-axis undulator radiation were measured for various values of the deflection parameter K. In particular, the high K case was studied, representing the region between the undulator and wiggler limits. Good agreement in harmonic peak flux and width is found between the measurements and the computations that include the real magnetic field, the electron beam energy spread, and the electron beam emittance. The effect of the undulator taper on the spectral characteristics of the radiation was analyzed. At small taper (-0.5% gap variation) significant reduction in peak brightness and flux of the fifth harmonic was observed with small effect on the fundamental. The near field effect in the undulator radiation was studied by measuring the off-axis spectral and angular distributions of the radiation. The broadening and the fine structure in the distributions at large off-axis angles were observed, resulting from the near field effect.
INTRODUCTION
In the early operation of the Advanced Light Source (ALS) three undulators-two U5.0 (5 cm period, 89 periods) and one U8.0 (8 cm period, 55 periods)-were installed in the storage ring. Prior to the commissioning of the undulator beamlines the radiation from both U5.0 and U8.0 undulators was characterized. The goals of the measurements were to verify the performance of the ALS undulators, to test the accuracy of the undulator radiation calculations, and to examine special characteristics of undulator radiation such as taper and near field effect.
The first results of the measurements of the U5.0 undulator were reported in a short communication, 1 which contained on-axis spectra at two K values, 0.44 and 2.12, and angular distributions near the undulator axis. In this article we present the results of the U8.0 measurements and additional U5.0 results. The on-axis undulator spectra were recorded and the spectral width and absolute flux per unit solid angle of the harmonics were derived. The undulator deflection parameter K was varied over a wide range (from 0.44 to 5.24 ) that includes the transition between undulator and wiggler limits. A comparison has been made between undulator radiation calculations and the measurements. The calculations have been performed using URGENT 2 and UR 3 computer codes. The codes employ different approaches to the undulator radiation computations. The URGENT code uses the Bessel function approximation starting with an ideal magnetic field. The effect of emittance is taken into account by convoluting the single electron spectrum with the electron beam phase space area. The UR code can use either ideal or measured magnetic field of an undulator and calculates radiation of a relativistic electron passing through the device from general radiation formulae. The Monte Carlo method is alPresent address: Synchrotron Radiation Center, University of WisconsinMadison, Stoughton, WI 53589.
then used to simulate the electron beam emittance. Comparison with calculations makes it possible to analyze individually the effects of the electron beam emittance, energy spread, and magnetic field. One of the undulator parameters that can alter the characteristics of the radiation is taper. The introduction of taper in an undulator leads to reduction of the peak brightness and spectral broadening of each harmonic. For the U5.0 undulator, harmonics at different small values of undulator taper were recorded, and changes in the spectral width and absolute brightness were observed. The initial goal of these measurements was to verify the alignment of the undulator magnetic structure. Also, the effect of tapering on the fundamental and fifth harmonic was analyzed.
Besides the measurements of the on-axis undulator radiation, which are essential for the evaluation of the undulator beamlines, the angular and spectral characteristics of the off-axis radiation were also studied. Particular attention was paid to the near field effect that influences the properties of this radiation. The results of these measurements were compared with the theory for the near field effect, developed by Walker for the single electron case. In addition, the effect of the emittance on the off-axis radiation was studied.
The measurements were performed with the Transmission Grating Spectrometer (TGS) that was designed specifically for undulator radiation characterization. A detailed description of the design and calibration of the spectrometer and of the experimental setup has been presented previously. 5 The TGS consists of a spherical focusing mirror, two interchangeable gold transmission gratings, and a Si n on p photodiode behind a 10 Ium slit. The resolving power of the spectrometer, A/AX, was measured to be around 200 for the first order of diffraction and 630 for the fourth order. During the measurements the TGS was installed after the bearing front end at a distance of 15.5 m from the center of the undulator. The angular resolution of the TGS was determined by the size of two interchangeable pinholes in front of the grating, which set the angular acceptance from the source to 20 or 10 Arad. The measurements were performed in two ways. Undulator radiation spectra were recorded by scanning the detector for a fixed position of the spectrometer with respect to the photon beam. Angular distributions of radiation were obtained by translating the spectrometer as a whole with constant TGS photon energy setting (fixed detector position in the diffraction plane of the grating). For an angular scan in the vertical direction, the position of the detector was corrected for the change in the incidence angle on the grating. In order to protect the gratings from damage, the radiation power density on the gratings was limited to 0.1 W/cm 2 during the undulator radiation measurements. This power restriction translated into a storage ring current between 0.1 and I mA depending on the undulator gap.
II. ON AXIS UNDULATOR RADIATION SPECTRA-THEORY AND MEASUREMENTS
The spectra of on-axis undulator radiation were observed for different undulator gaps, for which the undulators' magnetic field was previously mapped. 6 For the U8.0 undulator five K values were studied, K=0.44, 0.9, 1.79, 2.82, and 5.24. Here we discuss the U8.0 on-axis measurements, whose range of K values exceeded the U5.0 experiment. The same effects, the electron beam emittance and energy spread and the nonideality of the magnetic field, influence the onaxis spectra of both U8.0 and U5.0 undulators. The strength of these effects is evaluated by comparing the measured harmonics of the U8.0 radiation with computations.
The properties of the measured harmonics are very sensitive to the position of the TGS relative to the axis of the radiation central cone. To determine the on-axis position of the spectrometer for each gap the angular distribution of the fifth-harmonic central cone was recorded in both vertical and horizontal planes. The measured spectra were normalized to the current of the electron beam that was recorded during the scan together with the signal from the detector. The absolute flux of the harmonics was obtained from the recorded data using the measured efficiencies of the TGS optical elements. In the recorded spectra each harmonic contains contributions from the higher orders of diffraction of the higher harmonics. To determine the peak brightness of individual harmonic these contributions were accounted for using the measured efficiencies of the transmission grating. 5 Estimations show that the angular acceptance of the spectrometer is always smaller than the angular width of the central cone combined with the angular divergence of the electron beam. Thus, the on-axis flux per unit solid angle of the harmonics can be calculated by dividing the measured flux by the angular area of the spectrometer aperture.
The resolving power of the TGS in the first order of diffraction of the transmission grating is comparable to the widths of the higher harmonics in the spectra. Therefore, the shape and intensity of the higher harmonics in the spectrum are also affected by the spectrometer instrument function. To analyze individual harmonics the fourth order of diffraction of the transmission grating was used, having the resolution smaller than the harmonic widths. To obtain the peak flux, the integrated power of a harmonic, measured in the fourth order of diffraction, was normalized to be equal to the power of the first order. This method takes advantage of the more accurate calibration of the first order of diffraction and the better resolution of the higher orders. Figure 1 shows spectra of the U8.0 undulator for 85, 39, and 25 mm gaps, corresponding to the deflection parameter K values 0.44, 2.82, and 5.24, respectively. In the spectrum at K=5.24 the fundamental and the harmonics between 9 and 18 were not recorded. Also, the spectra shown in this figure have not been corrected for the higher orders of diffraction.
The figure illustrates the change of the spectral characteristics of the radiation as the operational mode of the insertion device changes from the undulator limit (Ken I) to the wiggler limit (K3> 1). With the K value increasing, the number of harmonics in the spectrum increases and the power of the higher harmonics becomes higher than the power in the fundamental. More than 90 harmonics can be seen in the K=5.24 spectrum, while the K=0.44 spectrum shows only three harmonics.
The complexity of the spectrum at K=5.24 makes it difficult to quantitatively analyze the contribution of the higher orders of diffraction and of the background below the individual harmonics. The spectral shape and intensity of the low harmonics were analyzed for lower K values. Particular attention was paid to the first, third, and fifth harmonics-that are used in the ALS undulator beamlines. It was found that, as the harmonic number n increases, the wid monics AE/E approaches a constant limit ra creasing as I InN, N being the number of I insertion device. The measured, calculated, at of the first nine harmonics at K=2.82 (39 shown in Fig. 2 . The calculations of the har were performed using the URGENT code, W the effect of the electron beam emittance. The energy spread was taken into account by cc URGENT spectra with a Gaussian function Ay/y was calculated using the theoretic 6.5x 10-4 for the rms relative energy spread. The result surements and calculations agree well.
It is seen from Fig. 2 that the widths of monics are generally larger than those of the o( This difference can be explained by the fact harmonics have no intensity on axis in the s approximation. As a result, their spectral width a greater extent by the phase space distributio tron beam. The finite width of the TGS instruct that was not taken into account during the a measured spectra, may explain the small differs calculated and measured widths. Calculations I ing the UR code, that includes the real undul field, show no discernible effect of the real widths of the harmonics presented in Fig. 2 .
The derivation from the ideal width observ produced by the effects of the electron beam | energy spread. These effects can be estimated l eral formula for the harmonic wavelength
where n is the harmonic number, XA is the undulator period, K is the deflection parameter, and 9 is the observation angle. Following this formula, the change of the observation angle from zero to 0 leads to the change of the harmonic energy AE. Then, the effect of the emittance on the harmonic width may be estimated by taking into account the spread of observation angle due to the finite size and divergence of the elec-
The electron beam energy spread Ay/y leads to the harmonic broadening as
Following Eqs. (2) and (3) 25%. This difference was caused by an error in the electron that the even beam current measurements and by an uncertainty in the ;ingle electron spectrometer calibration. During the period between the U5.0 is af-fected to and U8.0 experiments the storage ring current measurement in of the elecwas improved allowing a tolerance of 1% for the current ment function, normalization in the present work. Better agreement was nalysis of the therefore found between the results of U8.0 measurements ences between and URGENT and UR calculations. performed us- Figure 3 shows the measured and calculated (UR) harlator magnetic monics of the U8.0 undulator at K of 0.44, 0.9, and 1.79. In I field on the agreement with the previous results, the measured width and shape of the harmonics are well reproduced by the calculaed in Fig. 2 is tions in all cases. In general, the difference in peak flux per emittance and unit solid angle between measurements and calculations does using the gennot exceed 15%. The only case of significant disagreement is found for the fundamental at K= 1.79, where the computed brightness is about 35% lower than the measured one. How- (1) ever, the contribution of the higher orders of diffraction to this peak is quite large (about 50% caused by the uncertainty in the measured efficiencies of the higher orders of diffraction of the transmission grating.
Comparison of the results of URGENT and UR computations showed that in most cases the difference in the spectrum from the real or ideal magnetic field is small. However, for the peak intensity of the third and fifth harmonics at K=0.44, significant disagreement was found between the measurement and the calculation with URGENT. In the case of the fifth harmonic the measured peak flux density is about 50% of the URGENT calculated flux. The UR code gave better agreement with the measurement, suggesting that magnetic field errors have significant influence at the lowest K. This conclusion is consistent with the magnetic field measurements, 6 which determined a larger rms field error at 2 ) and flux photonsi 0.1%BW). All these effects decrease the flux per unit solid angle. In the case of emittance the phase space area of the photon beam is increased. As a consequence, while the brightness of the undulator source is decreased by the emittance, the flux of a harmonic integrated over the central cone remains constant. The electron beam energy spread directly increases the spectral width of a harmonic without affecting its angular characteristics since the dispersion in the ALS straight sections is zero. Therefore, the energy spread is an especially critical parameter since it affects both brightness and flux. The magnetic field errors can also affect both brightness and flux, but their effect on the lower harmonics is in general very small for the ALS undulators. These conclusions are confirmed by the agreement between the measured harmonics angular distributions and calculations including only the electron beam emittance.
For high harmonics, however, the effect of magnetic field errors can be quite significant. The influence of the real magnetic field together with emittance and energy spread was analyzed in the spectrum at K=5.24. Figure 4 displays the high harmonics (n> 18) at K=5.24 calculated with the ideal field, the real field calculations, and the measured spectrum. All calculations include electron beam emittance and energy spread and are convoluted with the TGS instrument function. As it was mentioned above, the width and, consequently, the peak flux of the high harmonics in the ideal field case are determined mostly by the energy spread.
The individual harmonics in the measured spectrum continue to be resolved up to 90th harmonic. This observation suggests that the insertion device still works as an undulator, with the radiation spectrum resulting from an interference of waves, emitted by the electron from each magnetic period. For an undulator with an ideal magnetic field, the on-axis flux per unit solid angle is larger than that of a bending magnet by about a factor of N 2 . If the interference is not present, the spectral distribution of radiation would be represented by a smooth curve and the bending magnet approximation would be valid. This wiggler radiation spectrum can be calculated simply by multiplying the bending magnet spectrum by 2N. In Fig. 4 the wiggler approximation curve is shown calculated for the magnetic field B=0.7 T (peak value for U8.0 undulator at K=5.24). For this value of B the critical energy is E =1068 eV. It is seen that the peak flux per unit solid angle of the harmonics decreases with increasing energy, approaching the wiggler curve above critical energy.
The overall agreement between the measurement and the real field calculation is good. Around the critical energy the harmonics begin to partly overlap, producing a radiation continuum that is observed in the measured spectrum. The difference in the harmonic height between measurement and calculation is caused by the contribution of the background and the higher orders of diffraction. The overall shape of the measured spectrum is also affected by the shape of the background that was approximated by a straight line and then subtracted from the measured data. The effect of the magnetic field errors is clearly seen. The peak flux of the 20th harmonic is about 50% lower than the calculation with ideal field. As the harmonic energy increases, the errors in the magnetic field have an increasing influence on flux. In the high harmonics limit (n>50) the spectrum of the radiation emitted from the real undulator approaches that of a wiggler.
When comparing the results of the measurements and calculations experimental errors should be taken into account as well as assumptions used in the calculations. The error in the spectrometer efficiency and the error in the electron beam current were mentioned above. The least understood source of the error is the background in the spectra, which consists of scattered visible, UV, and soft x-ray radiation. During the analysis this background was approximated by a line joining the minima between harmonics. In the calculations, the measured value of the electron beam emittancel and the theoretical value of the energy spread were used. Uncertainty in the values of the emittance and the energy spread may lead to discrepancies between the measurements and calculations.
Ill. SPECTRA OF TAPERED UNDULATOR
The spectral characteristics of the on-axis radiation can be changed if taper is introduced to the undulator. Taper leads to a variation of the peak magnetic field and of the deflection parameter K along the device, thus changing the width of the radiation harmonics. One of the motivations for studying tapered undulators is the possibility to obtain a broadened harmonic, producing a wide spectral range source without the necessity of tuning the undulator gap. The spectral characteristics of the radiation from a tapered undulator were examined experimentally in Ref. 7 for an undulator at a high energy storage ring producing hard x rays.
Measurements of the U5.0 undulator spectra were done for a series of tapers with the variation of the gap Ag between the two ends of the undulator changing by about 30 ,am between measurements. The average gap was fixed at a value of approximately 23 mm, giving a K of 2.12. One of the goals was to verify that the initial alignment of the undulator was without taper. It was found that the initial alignment of the device was optimum for obtaining the narrowest harmonics.
A simple model was used in Ref. 7 to estimate the effect of the taper on the undulator radiation spectrum. Taking into account the relationships between the undulator deflection parameter K and the undulator gap g, the change in the harmonic width due to the taper Ag was estimated
If the harmonic FWHM of a nontapered undulator is AEO, the width of the harmonic from the tapered device is approximately
where AE is given by Eq. (4). The width of the harmonics due to taper remains constant for a given value of Ag, while the natural width of the harmonics decreases with increasing n. Therefore the higher harmonics will be more affected by the taper than the fundamental. The first and fifth harmonics measured at different tapers are shown in Fig. 5 . It is seen that while the width of the fundamental changes little with the taper varying from 0 to 125 ,um, the fifth harmonic is broadened by almost a factor of 3 at the maximum taper. Calculations using UR, performed in the single electron approximation, show that the fifth harmonic at 125 Aum taper is split into two peaks. In the measured spectrum these peaks are smoothed out by the effect of the emittance. The calculated widths of the harmonics, estimated using Eqs. (4) and (5) are listed in Table I and are in good agreement with the observed values.
Analysis of the angular distribution of the central cone shows that the effect of the taper on the phase space of the radiation is significant. The observed relative increase in the vertical angular width is greater than in the horizontal because of the smaller vertical emittance of the electron beam. For the fifth harmonic, the measured angular width increases from about 7X 10-3 mrad 2 to about lI X 10 3 mrad 2 at 0 and 125 tAm taper, respectively. As a consequence of the broadening of the angular distribution, taper reduces both the flux per unit solid angle (photons/s/0. 1% BW/mrad 2 ) and the flux integrated over the central cone (photons/s/0.1%BW). But the flux per unit solid angle decreases more, a factor of 2.3, in comparison with the integrated flux, which is reduced by about 30%.
Although the effect of taper on the angle-integrated harmonic flux is not as large as on the harmonic brightness, it can be important at large tapers. Therefore, at a storage ring such as the ALS, to preserve undulator performance in terms of brightness as well as flux, tuning the undulator gap may be more suitable than using taper to obtain a wide spectral range. However, since the higher harmonics are more affected by taper than the fundamental, it may be possible to use the reduction in flux of the higher harmonics in order to suppress higher orders of diffraction. This technique would be most suited to monochromators that use the first harmonic.
IV. NEAR FIELD EFFECT IN THE OFF-AXIS UNDULATOR RADIATION
In both the URGENT and UR computer codes the far field approximation is used, which is correct when the distance between the source and the observer is large compared to the undulator length. However, as it was shown in Ref. 4, 
where 61 and 02 are the observation angles at the ends of the insertion device. Analysis of the radiation from an ideal undulator in the single electron approximation was performed in Ref. 4 to determine the reduction in the harmonic intensity and the broadening of the line shape. It was shown that as the parameter W increases, the harmonic splits into two or more peaks, the number of peaks being equal to W/2. Results of numerical calculations showed that the reduction in harmonic peak intensity is oscillating around the value of 2W. In practice the electron beam in the storage ring has a finite emittance, which leads to a broadening of the harmonics. If an electron trajectory has an angle AO to the undulator axis, the observation off-axis angle becomes 6+A6. Thus, the effect of the electron beam emittance can be estimated using Eq. (7) with 01 and 02 substituted by (6+o-°) and (0-6c), where ( 0 e is the rms size of the angular distribution of the electron beam in the plane of the undulator axis and the direction of observation. The contribution of the emittance perpendicular to the observation plane is small because the observation angles 0 are in general much greater than tre The value ore includes both the rms size CT and angular divergence CT' of the electron beam, according to
The broadening of the harmonic due to the electron beam emittance is then given by the near field effects can be important when the radiation is observed off the undulator axis. In practice, this effect leads to broadening of the harmonics depending on the off-axis angle 6. At large angles a splitting of the harmonics into two or more peaks was predicted.
When the radiation is viewed off-axis at an angle 0 and the distance between the center of the undulator and the observation point D is assumed infinite, the wavelength of the nth harmonic of the radiation is determined by Eq. (1). For this wavelength the path difference for the radiation emitted from the center and the ends of the undulator is equal to the integral numbers of X. This is also true when the distance D is finite but the radiation is observed on-axis. At an off-axis angle 0, when the distance D is finite, there is an additional path difference for the waves emitted from the center and the ends of the device. This path difference is given in a first approximation as L 20 2 18D. The parameter It is seen from Eqs. (7) and (8) that the near field effect varies with A, while the effect of the emittance depends on 6 linearly. Therefore, there will be a range of small angles for which the emittance effect is more important. Comparison of Eqs. (7) and (8) In contrast to W, O0 does not have a dependence on harmonic number n.
The near field effect was studied in the spectra of the U8.0 undulator at a 67 mm gap, corresponding to the K value of 0.9. The angular divergence of the electron beam in horizontal direction was measured previously and is (re=25 > Arad. For this value of ,e' the angle 60, for which the near field effect should start exceeding the effect of the emittance, is -350 Arad (W 1 -8). In the vertical direction the beam divergence is smaller (e-= 9 gurad) leading to a smaller value of 0ot130 brad (W 1 -2). Measurements were performed for four off-axis angles -90, 140, 190, and 380 bradd, corresponding to values of WI of 1, 2, 4, and 8. A spectrum corresponding to WI =8 in the horizontal direction could not be recorded because of low intensity of the radiation. At each angle, the angular distribution of the fundamental was measured as well as the energy spectrum. The off-axis angular distributions of the fundamental are shown in Fig. 6 . These distributions were obtained by shifting the TGS detector by 9.4, 21.2, and 35.7 eV below the fundamental energy on axis, which corresponds to WI of 1, 2, and 4. In the horizontal direction the angular FWHM of the distribution is close to the angular width from emittance 2.35 o-r and increases only slightly due to the near field effect with the increasing off-axis angle 0. This result is consistent with the estimations described above. The measured peak intensities and angular profiles are both in good agreement with calculations using URGENT. This agreement with the far field calculations shows that the properties of the undulator radiation at these horizontal angles are still mostly determined by the beam emittance. For the off-axis angular distribution in the vertical direction where the emittance is smaller, the angular width is observed to increase dramatically with angle 0. There is agreement between the measurements and far field calculations only in the case of W_ 2 for the distributions measured above the undulator axis. Below the undulator axis the angular profile is broadened more than calculation for all three WI values and a splitting of the fundamental is observed for W 1 4. Thus, the near field effect is seen to have a stronger influence on the angular distribution in the vertical plane than in the horizontal plane.
The near field effect can be seen in further detail in undulator radiation spectra observed at vertical off-axis angles. Figure 7 displays vertical off-axis spectra for the angles 190 and 380 purad, corresponding to W 1 =4 and 8. Splitting of harmonic peaks is again seen. For the spectra below the undulator axis the fundamental splits into W 1 /2 peaks. In each off-axis spectrum all harmonics show a remarkably similar profile, both in terms of the number of peaks and the linewidth AE/E. This result is consistent with Eqs. (7) and (8) predicting the same dependence on harmonic number n for the near field effect and for emittance. An unexpected difference is observed between the spectra measured above and below the undulator axis. This asymmetry could be caused by a horizontal dipole field Br, which results in an electron trajectory having a vertical angle varying along the length of the undulator. The calculation of the near field effect by Walker 4 considers only the single electron case and, therefore, direct comparison with the measurements is not possible. However, features predicted in Ref. 4 should be seen in measured spectra, where the near field effect dominates the emittance effect. Such is the case for the spectrum observed at the offaxis angle of 380 brad (WI =8) below the undulator axis. The fundamental in the spectrum is split into four (WI/2) peaks. The width of the harmonics in this spectrum agrees well with results of a calculation performed using the ana- lytical model developed in Ref. 4 . The predicted asymmetry of the harmonics line shape where the higher energy peak in the harmonic structure is larger than the lower energy one can also be found in the measured harmonics in the vertical plane. Further measurements as well as calculations including both the near field effect and emittance would be valuable.
In this work properties of undulator radiation on and off the insertion device axis were studied. Measured on-axis undulator radiation spectra demonstrated good performance of the ALS undulators. The spectral shape and flux of the harmonics are determined mainly by the intrinsic line shape and by the electron beam properties (emittance and energy spread). In most cases, the effect of the real undulator magnetic field compared to the ideal field is small. In particular, the high quality of the magnetic field is seen in the case of high K spectra, where more than 90 harmonics are observed and the peak flux per unit solid angle of the 20th harmonic reduced only by 50% compared with the ideal field case.
Analysis of the radiation from the tapered undulator shows that while taper increases the linewidth of the harmonics, the brightness and even the flux of the harmonics are also significantly reduced. On the other hand, the larger effect of the taper on the higher harmonics compared with the fundamental makes it a possible technique for suppressing the higher harmonics in undulator spectra.
When measuring the off-axis undulator radiation spectra, a change in the spectral characteristics of the radiation was recorded, resulting from the near field effect. The near field effect and electron beam emittance have competing influence on the harmonics. The observed features: the broadening and splitting of the harmonics, and the asymmetry of the harmonics' line shape, are qualitatively consistent with the theoretical predictions.
